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Abstract 
 Embryonic	   stem	   cells	   (ESCs)	   and	   adult	   somatic	   cells,	   induced	   to	   pluripotency	  (iPSCs)	  by	  genetic	  manipulation,	  display	  high	  self-­‐renewal	  potential	  and	  the	  capacity	  to	   differentiate	   into	  multiple	   cell	   lineages.	   	   We	   asked	   whether	   there	   are	   in	   adult	  mammals	   natural	   stem	   cells	   that	   are	   pluripotent.	   	   We	   previously	   reported	   that	  normal	   adult	  mammalian	   bone	  marrow	   contains	   a	   sub-­‐population	   of	   CD34+	   cells,	  that	  naturally	  expresses	  genes	  characteristic	  of	  ESCs	  and	  those	  required	  to	  generate	  iPSCs,	   but	   have	   a	   limited	   lifespan	   and	   do	   not	   form	   teratomas.	   	   In	   addition,	   these	  CD34+	   cells	   spontaneously	   express,	   without	   genetic	   manipulation,	   genes	  characteristic	   of	   the	   three	   embryonic	   germ	   layers:	   i.e.,	   ectodermal	   neural,	  mesodermal	   cardiac	   muscle,	   and	   endodermal	   pancreatic	   and	   intestinal	   lineage	  genes	   (Pessac,	   B,	   et	   al.	   2011.	   Hematopoietic	   progenitors	   express	   embryonic	   stem	  cell	  and	  germ	  layer	  genes.	  Comptes	  Rendus	  Biologies	  334:	  300-­‐306).	  	  This	  suggested	  that	  these	  cells	  may	  be	  pluripotent.	   	  Here	  we	  have	  transplanted	  these	  CD34+	  bone	  marrow	  stem	  cells	   from	  adult	  male	  C56Bl/6J	  ROSA	  mice,	   that	   carry	   two	  markers:	  the	  ß-­‐galactosidase	  gene	  and	  the	  male	  Y	  chromosome,	   into	  blastocysts	  of	  wildtype	  C57Bl/6J	  mice.	   	  These	  blastocysts	  develop	  normally	  and	  give	   rise	   to	  healthy	  adult	  chimeric	  mice.	   	   Each	   female	   ROSA	   chimeric	  mouse	   had	   a	   distinct	   pattern	   of	  male	  organs	  expressing	  ß-­‐galactosidase	  derived	  from	  each	  of	   the	  three	  embryonic	  germ	  layers:	  ectodermal	  brain,	  dorsal	  root	  ganglia	  and	  skin;	  mesodermal	  heart,	  bone	  and	  bone	  marrow;	  and	  endodermal	  pancreas,	  intestine,	  and	  liver.	  	  Thus,	  adult	  mammals	  still	  carry	  cells	  that	  appear	  to	  exhibit	  a	  developmental	  potential	  comparable	  to	  ESCs	  and	   iPSCs	   suggesting	   that	  CD34+	   cells	   from	  adult	  bone	  marrow	  could	  be	  used	   for	  cell	  therapy.	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Introduction 
 The	   search	   for	   pluripotent	   stem	   cells	   capable	   of	   restoring	   damaged	   functions	   of	  altered	  organs	  is	  the	  Holy	  Grail	  of	  tissue	  and	  organ	  engineering	  in	  mammals.	  	  Early	  investigations	  had	  shown	   that	  differentiation	  gene	  products	  are	  present	   in	   tissues	  other	  that	  their	  main	  site	  of	  expression.	   	   Indeed,	  we	  have	  reported	  that	  bone	  stem	  marrow	  cells,	  as	  well	  as	  differentiated	  lineages	  to	  which	  they	  give	  rise,	  express	  the	  myelin	  basic	  protein	  gene	  that	  codes	  for	  a	  brain	  structural	  protein	  (1-­‐6).	  	  In	  parallel,	  it	  has	  been	  claimed	  that	  cells	  derived	  from	  bone	  marrow	  can	  give	  rise	  to	  various	  cell	  types	   including	  neural	  cells,	  pancreatic	  cells	  or	  cardiac	  muscle	  cells	  (7-­‐11).	   	  Taken	  together,	  these	  data	  suggested	  that	  bone	  marrow	  cells,	  or	  a	  subset	  of	  them,	  might	  be	  multipotent.	  	  	  Another	  line	  of	  research	  has	  been	  to	  engineer	  pluripotent	  cell	   lines:	  as	  a	  first	  step,	  embryonic	  stem	  cells	  (ESCs)	  were	  derived	  from	  the	  inner	  cell	  mass	  of	  early	  embryo	  blastocysts,	   cells	   that	   are	   able	   to	   form	   each	   of	   the	   three	   embryonic	   germ	   layers	  ectoderm,	  mesoderm	  and	  endoderm	  (12,13).	   	  But,	  because	  of	  practical	   issues	  ESCs	  are	  problematic	  for	  human	  cell	  replacement	  therapy.	   	  Then	  an	  important	  step	  was	  the	  creation	  of	  a	  mouse	  clone	  from	  olfactory	  neurons	  showing	  that	  a	  differentiated	  cell	   could	   be	   reprogrammed	   back	   to	   an	   embryonic	   stem	   cell-­‐like	   stage	   (14).	   	   The	  more	  recent	  breakthrough	  has	  been	  the	  induction	  of	  pluripotent	  stem	  cells	  (iPSCs)	  by	   the	   genetic	   manipulation	   of	   normal	   adult	   somatic	   cells	   such	   as	   fibroblasts	  (15,16).	   	   However,	   induction	   of	   pluripotency	   may	   evoke	   genetic	   changes	   leading	  eventually	   to	   tumorigenicity.	   	   This	   lead	   us	   to	   investigate	   the	   existence	   of	   natural	  adult	  stem	  cells	  whose	  pluripotency	  could	  lead	  to	  or	  take	  part	  in	  the	  generation	  of	  a	  new	  organ(s).	  	  	  	  Indeed,	  we	  had	  previously	   reported	   that	  a	   sub-­‐population	  of	  mouse	  bone	  marrow	  hematopoietic	  progenitors	  with	  the	  CD34+	  antigen	  naturally	  expresses	  an	  array	  of	  ESC	   genes	   including	   Oct-­‐4,	   Rex-­‐1,	   Sox-­‐2,	   Klf-­‐4	   and	   LIN-­‐28,	   genes	   that	   have	   been	  initially	  used	  to	  induce	  iPSCs.	  	  We	  had	  also	  found	  that	  this	  same	  subset	  of	  adult	  stem	  cells	  expresses	  ectodermal	  neural	  lineage	  genes,	  mesodermal	  cardiac	  lineage	  genes	  as	  well	  as	  endodermal	  pancreatic	  and	  intestinal	  genes	  (17).	  	  Taken	  together,	  the	  fact	  that	   these	  bone	  marrow	  cells	  express	  both	  embryonic	  stem	  cell	  genes	  and	   lineage	  genes	   for	   each	   of	   the	   three	   embryonic	   germ	   layers	   suggests	   that	   they	   may	   be	  pluripotent.	  	  Here	  we	  illustrate	  that	  when	  these	  adult	  bone	  marrow	  CD34+	  cells	  are	  transplanted	  into	  mouse	  blastocysts,	  they	  give	  rise	  to	  organs	  of	  adult	  mice	  such	  as	  ectodermal	  derived	  brains,	  mesodermal	  cardiac	  cells,	  bone	  and	  bone	  marrow	  cells	  and	  endodermal	  pancreas	  and	   intestinal	   cells,	   indicating	   the	  pluripotency	  of	   these	  CD34+	  bone	  marrow	  cells.	  	  	  	  	  	  
Results	  
	  
Generation	  of	  chimeric	  mice.	  	  Because	  a	  subset	  of	  adult	  CD34+	  bone	  marrow	  stem	  cells	   expresses	   both	   embryonic	   stem	   cell	   genes	   and	   lineage	   genes	   for	   each	   of	   the	  three	   embryonic	   germ	   cell	   layers,	   pluripotency	   of	   these	   cells	  was	   suggested.	   	  We	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ascertained	   their	   pluripotency	   by	   transplanting	   the	   adult	   CD34+	   cells	   into	  mouse	  blastocysts.	   	   Adult	   CD34+	   stem	   cells	   from	  a	  male	  C57Bl/2J	   transgenic	  mouse	   that	  expressed	  ß-­‐galactosidase,	  B6.129S7-­‐Gt(ROSA)26Sor/J	  were	  cultured	  as	  previously	  reported	  (6).  When these ROSA CD34+ cells were treated with X-gal they stained blue, 
whereas wildtype CD34+ cells do not stain with X-gal (Fig. 2).  These male ROSA 
CD34+ cells were transplanted into wildtype C57Bl/6J blastocysts that do not express β-
galactosidase.  As a control, wildtype CD34+ cells that do not have the β-galactosidase 
transgene were transplanted into separate wildtype mouse blastocysts.   Eight to fifteen 
adult ROSA or wildtype CD34+ cells were transplanted into each E 3.5 stage blastocyst.  
At E 3.5, each blastocyst is composed of 64 cells including both the trophoblasts that 
make up a single cell layer thick wall of the blastocyst that go on to become all of the 
extra-embryonic structures, e.g., placenta, umbilical cord, amnion and chorion, as well as 
the inner cell mass of embryonic stem cells that forms the embryo itself.  After 
transplantation of the ROSA CD34+ cells, staining of the chimeric blastocyst with X-gal 
revealed the blue-stained ROSA CD34+ cells within the blastocoel of the unstained 
wildtype blastocysts (Fig. 2,). The chimeric blastocysts then were implanted into pseudo-
pregnant mice.  The chimeric embryos were allowed to develop normally through birth to 
weaning.  All chimeric mice were robust and behaved normally.   	  	  	  
X-­gal	  staining	  of	  chimeric	  mouse	  organs.	   	  To	  determine	  the	  potency	  of	  the	  adult	  hematopoietic	  progenitor	   cells	   to	   form	  multiple	  differentiated	  cell	   types	   in	   tissues	  and	  organs	  from	  each	  of	  the	  embryonic	  germ	  cell	  layers,	  fourteen	  tissues	  and	  organs	  from	  six	  ROSA	  CD34+	  chimeric	  mice	  and	  from	  four	  wildtype	  CD34+	  control	  chimeric	  mice	  were	  stained	  with	  X-­‐gal	  to	  determine	  if	  the	  cells	  of	  any	  organs	  of	  the	  chimeric	  mice	  were	  derived	  from	  the	  adult	  ROSA	  CD34+	  cells	  that	  were	  transplanted	  into	  the	  wildtype	  blastocysts.	  	  	  The	  adult	  ROSA	  CD34+	  cells	  gave	  rise	  to	  tissues	  and	  organs	  of	  each	   of	   the	   three	   embryonic	   germ	   cell	   layers,	   e.g.,	   ectodermal	   brain,	   dorsal	   root	  ganglia	   and	   skin,	   mesodermal	   femur	   bone	   and	   bone	   marrow	   and	   endodermal	  pancreas,	  liver,	  intestine	  and	  bladder	  (Fig.	  3).	  	  We	  found	  organs	  containing	  X-­‐gal	  (+)	  cells	  derived	  from	  CD34+	  cells	  in	  both	  male	  and	  female	  chimeric	  mice.	  	  The	  pattern	  of	  tissues	  and	  organs	  derived	  from	  the	  adult	  ROSA	  CD34+	  cells	  was	  different	  in	  each	  chimeric	  individual.	  	  	  	  
Ectodermal	  neural	   cells	  were	  derived	   from	  adult	  hematopoietic	  progenitors.	  Three	  of	  six	  ROSA	  chimeric	  mice	  brains	  had	  neurons	  that	  stained	  positively	  for	  X-­‐gal	  (Fig.	   3).	   	   Some	   but	   not	   all	   neural	   cell	   types	   stained	   with	   X-­‐gal.	   	   For	   example,	  hippocampal	   pyramidal	   neurons	   of	   areas	   CA	   1-­‐3	   stained	   positively,	   as	   did	   locus	  ceruleus	   neurons	   and	   Purkinje	   neurons	   of	   the	   cerebellum,	  while	   granule	   neurons	  did	  not	   stain	   (Fig.	   4).	   	   The	   cerebellar	   cells	   that	   stained	  with	  X-­‐gal	   also	   stained	   for	  Purkinje	  calbindin	  but	  not	  Bergmann	  glial	  GFAP.	  	  Many	  but	  not	  all	  neural	  cell	  types	  stain	   throughout	   the	   brain	   (not	   shown).	   	   Because	   some	   neural	   cells	   in	   the	   ROSA	  chimeras	   stained	   with	   X-­‐gal	   and	   others	   did	   not,	   we	   looked	   at	   the	   X-­‐gal	   staining	  pattern	  in	  the	  brain	  of	  the	  transgenic	  ROSA	  mouse	  itself	  –	  the	  mouse	  from	  which	  the	  ROSA	  CD34+	   cells	  were	   derived	   for	   transplantation	   into	  wildtype	   blastocysts.	   	   To	  our	   surprise,	   even	   though	   all	   cells	   of	   the	   transgenic	   ROSA	   mouse	   contain	   the	   β-
galactosidase gene, all cells do not stain for X-gal, for example in brain astroglia, 
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oligodendroglia and many neuronal types do not stain with X-gal.  We found 
indistinguishable X-gal staining patterns in the ROSA chimeric mice and the ROSA 
transgenic mice – some cells stain but others do not.	  In	  the	  peripheral	  nervous	  system,	  which	  is	  also	  derived	  from	  ectoderm,	  the	  neural	  crest,	  dorsal	  root	  ganglion	  neurons	  stained	  with	   X-­‐gal.	   	   Control	   chimeric	   dorsal	   root	   ganglia	   did	   not	   stain	  with	   X-­‐gal.	  	  Neither	  ROSA	  chimeric	  nor	  control	  chimeric	  spinal	  cord	  stained	  with	  X-­‐gal.	  
 
Mesodermal bone and bone marrow cells were derived from adult	  hematopoietic	  
progenitors.	  	  	  A	  band	  of	  bone	  marrow	  cells	  at	  the	  interface	  with	  femur	  bone	  stained	  with	   X-­‐gal,	   whereas	   cells	   in	   more	   central	   marrow	   did	   not	   stain	   in	   all	   six	   ROSA	  chimeric	  mice.	   	   Three	   of	   six	   ROSA	   chimeras	   elicited	   X-­‐gal	   staining	   in	   femur	   bone	  (Fig.	   3);	   femur	   cartilage	   cells	   stained	   with	   X-­‐gal,	   as	   did	   cells	   in	   the	   trabeculae	   of	  spongiform	  areas	  of	  femur	  (Fig.	  5).	   	  Some	  cells	  in	  ROSA	  chimera	  bone	  stained	  with	  X-­‐gal	  and	  others	  did	  not.	  	  Similarly	  some	  cells	  of	  ROSA	  transgenic	  bone	  stained	  with	  X-­‐gal	  and	  others	  did	  not.	   	  The	   femurs	  and	  bone	  marrows	  of	  control	  chimeric	  mice	  were	  unstained	  with	  X-­‐gal. 
 
Endodermal intestine, pancreas and liver cells were derived from adult	  
hematopoietic	  progenitors.	  	  The	  intestine	  of	  all	  six	  ROSA	  chimeras	  stained	  with	  X-­‐gal	  (Figs.	  3,6).	  Four	  of	  six	  ROSA	  chimeric	  mouse	  pancreases	  stained	  with	  X-­‐gal	  (Figs,	  3,6).	  	  And	  two	  of	  six	  ROSA	  chimeras	  showed	  X-­‐gal	  staining	  of	  liver	  (Figs.	  3,6).	  	  The	  X-­‐gal	   staining	   pattern	   in	   ROSA	   transgenic	   mouse	   intestine,	   pancreas	   and	   liver	   was	  similar	   to	   ROSA	   chimeras.	   	   Control	   chimera	   intestine,	   pancreas	   and	   liver	   did	   not	  stain	  with	  X-­‐gal.	  	  
X,Y	  Chromosome	  Fluorescence	  In	  Situ	  Hybridization	  (FISH).	  Both	  chimeric	  mice	  and	  transgenic	  ROSA	  mice	  had	  organs	  with	  the	  same	  pattern	  of	  X-­‐gal	  (+)	  and	  X-­‐gal	  (-­‐)	   cells.	   Thus,	   the	   question	   arose	  whether	   the	   X-­‐gal	   (-­‐)	   cells	   in	   the	   ROSA	   chimeric	  mice	  were	  derived	  from	  the	  inner	  cell	  mass	  of	  the	  blastocyst	  or	  whether	  they	  derive	  from	  the	  male	  ROSA	  CD34+	  cells	  that	  give	  rise	  to	  cell	  types	  that	  are	  under	  regulatory	  control	  like	  those	  X-­‐gal	  (-­‐)	  cells	  in	  the	  ROSA	  transgenic	  mice.	  	  The	  Y	  chromosome	  in	  male	   CD34+	   cells	   was	   used	   to	   identify	   progeny	   of	   those	   CD34+	   cells	   in	   female	  chimeric	  mice.	   	  We	  used	  XY-­‐FISH	   to	  determine	  whether	  X-­‐gal	   (-­‐)	   cells	   in	   chimeric	  mouse	  organs	  were	  derived	  from	  male	  ROSA	  CD34+	  cells	  in	  the	  blastocysts.	  	  Organs	  from	   anatomically	   female	   chimeric	   mice	   were	   examined	   for	   X,Y	   and	   X,X	  chromosome	   ratios.	   	   Images	   of	   X,Y	   chromosome	   staining	   are	   shown	   in	   Figure	   7A.	  	  X,Y	  chromosome	  counts	  were	  done	  on	  random	  fields	  of	  brain,	  heart,	  pancreas	  and	  liver	  (Fig.	  7B).	  	  Chimeric	  mouse	  brain	  #1,	  which	  contained	  both	  X-­‐gal	  (+)	  and	  X-­‐gal	  (-­‐)	   cells	   in	   a	  male	  mouse,	   had	   an	  X:Y	   ratio	   of	   1:1,	   indicating	   that	   it	   is	   a	  male	   brain.	  	  Female	  mice	  #3	   and	  5	   brains,	   that	   had	  X-­‐gal	   (+	   and	   -­‐),	   also	   had	  X:Y	   ratios	   of	   1:1,	  again	  meaning	  male	  brains.	  	  Female	  mouse	  brain	  #6,	  that	  had	  no	  X-­‐gal	  (+)	  cells,	  also	  had	  no	  Y	  chromosomes	  detected,	  indicating	  a	  female	  brain.	  	  Futhermore,	  regions	  of	  mouse	  brain	  like	  the	  corpus	  callosum,	  which	  is	  devoid	  of	  neurons	  but	  contains	  glial	  cells	  that	  had	  no	  X-­‐gal	  (+)	  cells,	  had	  an	  X:Y	  ratio	  of	  1:1	  showing	  that	  they	  are	  male.	  	  Thus,	   the	   absence	   of	   X-­‐gal	   does	  not	   preclude	   that	   the	  X-­‐gal	   (-­‐)	   cells	  were	  derived	  from	  the	  male	  ROSA	  CD34+	  cells.	  	  None	  of	  the	  hearts	  from	  chimeric	  mice	  had	  X-­‐gal	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(+)	  cells	  that	  were	  detected.	  	  Similarly,	  transgenic	  ROSA	  heart	  was	  X-­‐gal	  (-­‐).	  	  Female	  chimeric	  mouse	   #3	   heart	   had	   a	   X:Y	   ratio	   of	   1:1,	   indicating	   that	   it	   is	   a	  male	   heart	  derived	  from	  the	  male	  ROSA	  CD34+	  bone	  marrow	  stem	  cells.	  	  Contrastingly,	  female	  chimeric	  mouse	   #5	   had	   no	   detectable	   Y-­‐chromosomes	   in	   heart	  meaning	   a	   female	  heart.	  	  Pancreas	  from	  both	  female	  chimeric	  mice	  #	  3	  and	  5,	  with	  X-­‐gal	  (+	  and	  -­‐)	  cells,	  had	  a	  X:Y	  ratio	  of	  1:1,	   i.e.,	   that	  of	  male	  pancreas	   from	  male	  CD34+	  cells.	   	  Chimeric	  mouse	   #3	   liver,	   that	   did	   not	   exhibit	   X-­‐gal	   (+)	   cells,	   also	   had	   no	   Y	   chromosomes.	  	  Therefore,	  the	  Y	  chromosome	  marker	  showed	  that	  chimeric	  mouse	  organs	  that	  had	  X-­‐gal	   (+	   and	   -­‐)	   cells,	   and	   in	   the	   case	   of	   heart,	   which	   had	   no	   X-­‐gal	   (+)	   cells,	   were	  wholly	  derived	  from	  male	  ROSA	  CD34+	  cells.	  	  Another	   question	   addressed	   by	   the	   X,Y-­‐FISH	   is	   whether	   the	   X-­‐gal	   (+)	   containing	  organs	  are	  derived	  from	  the	  fusion	  of	  a	  male	  ROSA	  CD34+	  cell	  with	  a	  wildtype	  cell	  of	  the	  inner	  cell	  mass	  in	  the	  early	  blastocyst.	  	  We	  found	  no	  XXXY	  cells	  in	  the	  chimeric	  organs	  examined	  and	  the	  total	  X:Y	  ratios	  for	  all	  organs	  were	  that	  of	  an	  XY	  male	  or	  a	  XX	  female,	  indicating	  no	  cell	  fusion.	  	  
 
Discussion 
 
The quest for a versatile pluripotent stem cell capable to differentiate into various cell 
types and therefore eventually repair damaged tissues and organs is the subject of intense 
investigation, which has led to very promising results.  However, a major question, which 
has not been conclusively answered yet, is whether such a pluripotent cell type is present 
in the normal adult mammal.  Here we show that a bone marrow cell sub-population 
present in normal adult mice and which expresses both an array of ESC genes and germ 
layer lineage genes can give rise to many somatic tissues of an apparently normal adult 
mouse. 
 
A characteristic of embryonic stem cells in culture is that they manifest unlimited self-
renewal.  Although the adult bone marrow CD34+ cells investigated here express ESC 
genes (17) and have the potential for pluripotency, they do not exhibit the unlimited 
proliferation of ESCs.  The CD34+ cells have a limited lifespan since they stop dividing 
and plateau after 30-40 doublings like diploid somatic cells (6).  These CD34+ cells do 
not form teratomas when injected into a host (6) in sharp contrast to ESCs and iPSCs. 
 
Mice obtained from blastocysts inoculated with CD34+ cells differ from mice generated 
from ESCs or iPSCs where the whole individual is derived from the inoculated stem cells 
(18,19) as opposed to multiple, but not all organs derived from the CD34+ cells.  One 
possible explanation is that ESCs and iPSCs are totipotent and these CD34+ cells may be 
only pluripotent.        
 
The pattern of cells derived from the transplanted male ROSA CD34+ bone marrow stem 
cells was different for each chimeric mouse.  This is most likely due to the mechanics of 
implant: the number and site of implant of the adult bone marrow stem cells.  As 
mentioned in the Results section, 8-15 CD34+ cells were injected into each 64-cell stage 
blastocyst.  Contingent on how many CD34+ cells implanted in the early inner cell mass, 
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which most likely contains 30 or fewer cells, and depending on cell migration and the site 
of implant and the time of implant during ongoing development, the transplanted CD34+ 
cells differentiated into distinct cell types.  
 
A possible role of these CD34+ cells from bone marrow or circulating blood in 
physiological or pathological processes should be considered.  Indeed it has been 
reported that post-mortem brain samples from women who had received bone marrow 
transplants from male donors did contain male cells.  The two main regions examined 
were cerebellum and hippocampus.  The donor-derived cells were identified by the 
presence of a Y chromosome.  The proportion of male neurons in the female recipients 
varied between 1:100 and 1:1000.  In addition to neurons, glial and mesenchymal cells 
were also labeled with the Y marker, often in clusters, suggesting a clonal origin (20-22).  
Interestingly enough, skin biopsies of female patients following allogenic male bone 
marrow transplantation show the presence of donor derived keratinocytes (23).   In these 
studies the bone marrow cells that eventually gave rise to neural cells containing a Y 
chromosome have not been identified.  Since we have shown here that a subset of bone 
marrow CD34+ cells can generate most if not all cells present in the brain, it is tempting 
to speculate that bone marrow cells that differentiated into various cell types may be the 
subset of pluripotent stem cells we have identified. 
 
Lately, many investigations have been carried out on iPSCs derived from individuals 
bearing various genetic defects to explore their mechanisms as well as to try to correct 
them (24,25).  It is reasonable to assume that the sub-population of CD34+ stem cells 
should carry the same genetic defect as the iPSCs derived from their peripheral tissues 
such as fibroblasts or neurons   
 
The growth and differentiation patterns of the adult CD34+ stem cells are reminiscent of 
adult Urodele Amphibian newt or salamander blastema cells or mature Planarian 
blastema cells that replace the cells and tissues that are needed to reform the missing limb 
or body part (26-29).   
 
Taken together, these readily available adult bone marrow CD34+ stem cells, are 
plutipotent and constitute a potential source for cell replacement therapy in multiple 
tissues and organs. 
 
Materials and Methods 
 
Bone marrow CD34+ stem cell cultures.  Non-adherent CD34+ hematopoietic stem 
cells were cultured from adult mouse bone marrow with medium containing mouse IL-3, 
IL-6, SCF and β-mercaptoethanol as reported (6).  CD34+ cultures from the two strains 
of mice were used: the wildtype C57Bl/6J mouse and the C57Bl/6J transgenic mouse that 
expresses β-galactosidase, B6.129S7-Gt(ROSA)26Sor/J.  The University of Maryland 
School of Medicine OAWA approved these animal studies.  
 
Generation of chimeric mice.  Adult CD34+ cell chimeric mice were generated by the 
University of Maryland School of Medicine Transgenic Animal Core Facility.  Briefly, 8-­‐
	   8	  
15	  adult	  CD34+	  stem	  cells	   from	  a	  male	  C57Bl/6J transgenic mouse that expresses β-
galactosidase, B6.129S7-Gt(ROSA)26Sor/J, were injected into each wildtype C57Bl/6J 
blastocyst at E 3.5, the 64-cell stage. Six to ten CD34+ injected blastocysts were 
delivered to the uterus of each hormonally induced pseudo-pregnant wildtype C57Bl/6J 
surrogate mother mouse.  Offspring were grown to weaning.     
 
X-gal staining.  Chimeric animals were killed and perfused with PBS followed by 2% 
paraformaldehyde plus 0.2% glutaraldehyde.  Perfused tissues were immersed in the 
same fixative at 4ºC for 72 hours.  Fixed tissues and organs were exchanged with PBS 
then 30% sucrose, frozen and sectioned.  X-gal staining was performed with an In situ β-
galactosidase Staining Kit (Stratagene Cat. # 200384) by the manufacture’s protocol.  
 
Immunocytochemistry.  Cells were treated by standard immunochemistry methods and 
observed by fluorescence microscopy (6). 
 
X,Y-chromosome Fluorescence In Situ Hybridization (FISH).  XY-FISH was 
performed by Empire Genomics, Albany, NY using green 5-Fluroescein dUTP mouse X-
chromosome probe (Cat. # CLN-10048) and red 5-ROX dUTP mouse Y-chromosome 
probe (Cat. # CLN-100920).  
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Figure legends 
 
1. Adult mouse CD34+ bone marrow stem cell gene expression.  Embryonic stem 
cell gene and embryonic germ layer lineage gene expression in adult CD34+ cells 
were reported previously (17).  
2. X-gal labeling of ROSA CD34+ cells in culture (A) and after injection into 
wildtype blastocysts (B).  Adult wildtype CD34+ cells do not stain with X-gal 
whereas, adult transgenic ROSA CD34+ cells, that carry the β-galactosidase gene, 
do stain with X-gal (blue). CD34+ cells were fixed with 2% paraformaldehyde 
plus 0.2% glutaraldehyde for 15 min. at 4ºC then washed with PBS.   X-gal 
staining was performed with a Stratagene In situ β-galactosidase Staining Kit 
(Cat. # 200384) by the manufacture’s protocol.  Cells were stained for 12 hr.  
Similarly, sixty-four cell stage chimeric E 3.5 mouse wildtype blastocysts that 
contained injected adult ROSA mouse CD34+ cells were fixed and stained as 
above.  The X-gal stained CD34+ cells were observed in different focal planes of 
the blastocyst. 
3. Table of organs of ROSA CD34+ chimeras and control wildtype chimeras that 
stained with X-gal.  Chimeric animals were killed and perfused with PBS 
followed by 2% paraformaldehyde plus 0.2% glutaraldehyde.  Perfused tissues 
were immersed in the same fixative at 4ºC for 72 hours.  Fixed tissues and organs 
were exchanged with PBS then 30% sucrose, frozen and sectioned.  X-gal 
staining was performed with an In situ β-galactosidase Staining Kit (Stratagene 
Cat. # 200384) by the manufacture’s protocol.  X-gal staining was found in some 
organs and not others.  In some organs some cells were stained and others were 
not.  Different ROSA chimeras had different X-gal staining patterns.  Control 
wildtype CD34+ chimeras showed no X-gal staining. 
4. Ectodermal tissues are derived from adult ROSA CD34+ stem cells.  ROSA 
chimeric cerebellum exhibits X-gal stained cells (blue) that originate from the 
adult ROSA CD34+ cells that were injected into the early wildtype blastocyst.   
Chimeric animals were processed as in Figure 3.  A. Cells in the Purkinje cell 
layer of some ROSA chimera brains stained with X-gal (blue).  Control wildtype 
CD34+ chimeras did not stain.  ROSA transgenic cerebellum showed the same X-
gal staining pattern as did the ROSA chimeras.  Some cell types stain with X-gal 
whereas others, e.g. astroglia, oligodendroglia and granular neurons do not.  B. 
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The X-gal positive cells in cerebellum co-stain for calbindin (brown stain). Both 
the cell bodies and the dendritic arborizations (lower right) stained for calbindin.  
Astroglia and Bergmann glia stained for GFAP but the stain did not co-localize 
with X-gal. Thus, the X-gal stained cells in cerebellum are Purkinje cells.  C. 
Locus ceruleus and D. hippocampal CA 1-3 neurons also stain with X-gal.  E.  No 
cells in Corpus callosum were stained with X-gal.  F. Peripheral nervous system 
neurons of the dorsal root ganglion, derived from neural crest cells stained with 
X-gal.  These blue cells in central and peripheral nervous system indicate that 
they were derived from the ROSA CD34+ cells originally transplanted into the 
early blastocysts. 
5. Mesodermal tissues are derived from adult ROSA CD34+ stem cells.  Tissues 
were processed as in Figure 3.  ROSA chimeric mouse femur bone and bone 
marrow were derived from ROSA CD34+ stem cells.  Bone marrow cells in a 
band adjacent to the femur bone itself stained with X-gal (blue).  Femur cartilage 
and spongiform bone trabeculae stained with X-gal.  Thus, mesodermal 
derivatives formed from adult ROSA CD34+ cells. 
6. Endodermal tissues are derived from adult ROSA CD34+ stem cells. Tissues 
were processed as in Figure 3.  ROSA chimera intestine, pancreas and liver cells 
were stained with X-gal (blue) indicating that these endodermal tissues were 
derived from the adult ROSA CD34+ cells transplanted into the wildtype 
blastocysts.  
7. XY-chromosome Fluorescence In Situ Hybridization was performed by Empire 
Genomics, Albany, NY using green 5-Fluroescein dUTP mouse X-chromosome 
probe (Cat. # CLN-10048) and red 5-ROX dUTP mouse Y-chromosome probe 
(Cat. # CLN-100920) on 4µm-thick sections of chimeric mouse tissues. A. 
Fluorescent micrograph of mouse #3 brain cell nucleus showing one Y 
chromosome (upper row) and mouse #6 brain cell nucleus showing two X 
chromosomes (lower row).  B.  Organs were scored for X (green) / Y (red) 
chromosome  ratios of DAPI stained tissue sections of the chimeric mouse organs 
by fluorescence microscopy.   The total number of X and Y chromosomes scored 
for each organ are shown.  A ratio of 1:1 X;Y chromosomes indicated a male 
organ and a X:Y ratio of 2:0 indicated a female organ.   
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Embryonic Stem Cell 
Oct-4 
Sox-2 
Klf-4 
Rex-1 
LIN-28 
 
      Ectoderm     Mesoderm       Endoderm 
   
            Neural             Hematopoietic    Cardiac      Pancreatic   Intestinal 
 
         Pax-6  CD34  MEF-2C        Pdx-1       Villin 
         HuC/HuD Sca-1  Troponin C    Ptf-1a 
         Neurofilament H cKit  MLC-2        Ngn-3 
         NeuN  AA4.1        FoxA2 
         GAD65 CD45        Sox17 
                                                                                          GATA-2        CXCR4 
           LMO-2        Hnf1B 
         CNPase FLK-2 (-)        Hnf4A 
         MOSP  Lin (-)        Hnf6 
         MBP2          Nkx2.2 
         Galactocerebroside        Pax-6 
         NG2          Glucokinase 
      
 
 
   Fig. 1 
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 A. Wildtype   ROSA 
 
 B. 
 
 
Fig. 2 
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X-gal Staining of Chimeric Mice 
                           
        ROSA Chimeric Mouse Organs                                         Control Chimeric Mouse Organs 
 
Germ Layer     
Tissue/Organ 
  Mouse # (Sex: M=male, F=female) 
 
Ectoderm  #1 (M) #2 (F) #3 (F) #4 (M) #5 (F) #6 (F)  #1 (M) #2 (F) #3 (F) #4 (F) 
    
Brain  (+and-) (-) (+and-) (-) (+and-) (-)  (-) (-) (-) (-) 
Retina  (-) (-) (-) (-) (-) (-)  (-) (-) (-) (-) 
Sp. Cord  (-) (-) (-) (-) (-) (-)  (-) (-) (-) (-) 
DRG  (ND) (+) (+) (+) (+) (+)  (-) (-) (-) (-) 
Skin  (-) (+) (+) (-) (-) (+)  (-) (-) (-) (-) 
 
Mesoderm 
 Bone marrow (+and-) (+and-) (+and-) (+and-) (+and-) (+and-)  (-) (-) (-) (-) 
Heart  (-) (-) (-) (-) (-) (-)  (-) (-) (-) (-) 
 Muscle  (-) (-) (-) (-) (-) (-)  (-) (-) (-) (-) 
 Femur bone (-) (+and-) (+and-) (+and-) (-) (-)  (-) (-) (-) (-) 
  
Endoderm 
 Pancreas  (+and-) (-) (+and-) (+and-) (+and-) (-)  (-) (-) (-) (-) 
 Lung  (-) (-) (-) (-) (-) (-)  (-) (-) (-) (-) 
 Intestine  (+) (+) (+) (+) (+) (+)  (-) (-) (-) (-) 
 Liver  (+) (-) (-) (+) (-) (-)  (-) (-) (-) (-) 
 Bladder  (-) (-) (+and-) (ND) (ND) (ND)  (-) (-) (-) (-) 
 
 
Fig. 3 
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 A.                  B. 
	  	  	   	  	  	   	  	  ROSA	  Chimera	  Cerebellum	  –	  X-­‐gal	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ROSA	  Chimera	  cerebellum	  -­‐	  X-­‐gal	  	  	  	  	  ROSA Chimera cerebellum - X-gal + GFAP	  	   	   	   	   	  	  	  	   
	  	  	  	  	  	   	  	  	   	  	  	  Control	  Chimera	  Cerebelllum	  –	  X-­‐gal	  	  	  	  	  	  	  	  	  	  	  ROSA	  Chimera	  cerebellum	  –	  Calbindin	  	  	  	  	  	  ROSA Chimera cerebellum -X-gal + GFAP 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  C.	  
	  	   	  	  	  	   	  	  	  ROSA	  Transgenic	  Cerebellum	  –	  X-­‐gal	   	  	  	  	  	  	  ROSA Chimera cerebellum - X-gal + Calbindin     ROSA Chimera Locus ceruleus  
 D.                    F. 
                   
 ROSA Chimera Hippocampus – X-gal 
 E.        
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  ROSA	  Chimera	  Corpus	  callosum	  –	  X-­‐gal	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ROSA	  Chimera	  Dorsal	  Root	  ganglia	  and	  Spinal	  Cord	  –	  X-­‐gal	  	   	   	  	  	  Fig.4
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ROSA Chimera Bone Marrow            ROSA Chimera Femur Cartilage	  
	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ROSA	  Chimera	  Femur	  Spongiform	  bone	  trabeculae	  	  	  Fig.	  5	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  ROSA	  Chimera	  Intestine	  –	  X-­‐gal	  	  	  	  	  	  	  	  	  	  	  	  	  ROSA Chimera Pancreas - X-gal	   	   	   	  	  	  	  	  	  	  	  	  	  	  
	  	   	  	  ROSA	  Chimera	  Intestine	  –	  X-­‐gal	  	  	  	  	  	  	  	  	  	  ROSA Chimera Liver - X-gal	  
	   	  	  
Fig. 6 
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A.	  
	  	  	  	  	  	  	  	  	  	  DAPI	  	  	  	  	  	  Y-­‐chromosome	  	  	  	  	  	  	  Merge	  	  
	   	   	  	  	  	  	  	  	  DAPI	  	  	  	  	  	  	  	  	  X-­‐chromosome	  	  	  	  	  	  Merge	  B.	  	  
Organ       Sex     X-gal       # of Chromosomes 
         X   Y 
 
Brain #1        M    (+and-)  202 196 
Brain #3         F    (+and-) 196 202 
Brain #5         F    (+and-) 188 204 
Brain #6         F        (-)  402     0 
 
Heart #3         F        (-)    98   97 
Heart #5         F        (-)  200     0 
 
Pancreas #3   F    (+and-) 101 100 
Pancreas #5   F    (+and-)   90   97 
 
Liver #5         F        (-)  199     0 
 
Fig. 7 
 
